Aluminum foams were fabricated by an infiltration process. The foams possess spherical cells with a fixed porosity of 65% and varied pore sizes which ranged from 1.3 to 1.9 mm. The spherical cells are interconnected by small pores or pore openings on the cell walls that cause the foams show a characteristic of open cell structures. The sound absorption coefficient of the aluminum foams was measured by a standing wave tube and calculated by a transfer function method. It is shown that the sound absorption coefficient increases with an increase in the number of pore openings in the unit area or with a decrease of the diameter of the pore openings in the range of 0.3 to 0.4 mm. If backed with an air cavity, the resonant absorption peaks in the sound absorption coefficient versus frequency curves will be shifted toward lower frequencies as the cavity depth is increased. The samples with the same pore opening size but different pore size show almost the same absorption behavior, especially in the low frequency range. The present results are in good agreement with some theoretical predictions based on the acoustic impedance measurements of metal foams with circular apertures and cylindrical cavities and the principle of electroacoustic analogy.
I. INTRODUCTION
Porous metals or metal foams show many interesting properties and thus are drawing much attention in a variety of industry fields.
1 Sound absorption is one of the most important functional properties of porous metals. Recently, there has been an increasing demand for materials that can reduce noise, even in severe environments such as high temperature and corrosive surroundings. Many authors have proposed that porous metals are a promising candidate in such applications due to their relatively higher specific mechanical strength and stiffness, and their resistance to heat, corrosion, and climatic conditions than nonmetallic porous materials such as urethane foam and glass wool, etc.
2-10 Sound absorption means that an incident sound wave is neither reflected nor transmitted but absorbed by the material. 5 The sound absorption behavior of porous metals is determined by the cell structure, which can be roughly divided into two types, i.e., open-celled and closed-celled structures. Generally, porous metals with a closed-celled structure are poor sound absorbers, owing to the difficulty of sound penetrating to the interior of the material; on the contrary, open-celled porous metals show excellent sound absorption properties, due to the sound wave propagating easily into the material.
2, 3, [5] [6] [7] [8] Among the other porous metals, aluminum foam would be currently one of the most important porous metals used for sound absorption.
Han et al. 9 conducted a study on the sound absorption behavior of a closed-celled aluminum foam, and concluded that the sound absorbing performance can be improved by introducing an air gap behind the foam or conducting a compression on the Al foam. Lu et al. 5 reported that the sound absorbing ability of closed-celled aluminum foam can be enhanced by partially fracturing the cell walls via rolling. They also studied the sound absorption characteristics of semi-open-cell foams, 3 and concluded that the sound absorption increased upon decreasing the pore opening size. A peak absorption coefficient of 0.8 was obtained for this aluminum foam in the frequency range of 800-2000 Hz. Wang et al. 4 analyzed the sound absorption of aluminum alloy foams and honeycombs using a point-matching method. They found that the pore sizes for the optimal sound absorption were on the order of $0.1 mm. However, structural parameters such as sample thickness and open porosity were not considered in Wang's study. Han et al. 2 noted that aluminum foam with an open-celled structure, which is manufactured using an infiltration process, shows a significant improvement in sound absorption capacity compared with that with a closed-celled structure. Hakamada et al. 6, 7 studied the sound absorption of aluminum foam fabricated via a spacer method. They indicated that the air gap and the pore opening size have significant effects on the sound absorbing performance of metal foams. The importance of pore openings in the sound absorption of aluminum foams have been also pointed out by many other authors.
2, 3, 6 However, to date, there is very little information on the relationship of sound absorption performance with the pore opening size and pore opening density of metal foams. Accordingly, the sound absorption performance of aluminum foams with spherical cells 1, [11] [12] [13] [14] was investigated in the present study focusing on the effect of the pore opening diameter, the density on the incidence surface, the air gap, and the specimen thickness. In addition, the experimental results were discussed in accordance with the theoretical model a)
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II. EXPERIMENT A. Sample preparation
The porous samples were fabricated using an air pressure infiltration process consisting of the following stages. First, spherical sodium chloride (NaCl) particles were prepared by sintering NaCl powders to the required sizes. Second, the spherical NaCl particles were compacted in a mold using an appropriate pressure to form a porous framework. A pure aluminum melt was then poured into the mold and infiltrated into the interstices of the porous framework under compressed air, yielding an aluminum=NaCl composite. Finally, the composite was washed by water to remove the NaCl particles, leaving an aluminum-based porous structure. The reason for choosing the spherical NaCl particles is that it is easy to control the size of the pore openings by adjusting the diameter of the spherical NaCl particles and the infiltration pressure. 3, 15 Three sizes of NaCl particles or pores were selected in the present study; that is, 1.3, 1.6, and 1.9 mm, respectively.
The porosity, P, of the resultant aluminum foam can be determined by,
where q f is the apparent density of the foam, which is obtained by measuring the dimensions and weight of the foam, and q s is the density of the aluminum matrix. The pore opening density, c, is calculated by,
where S surf is the surface area of the samples that faces the sound wave, and N is the number of pore openings in the area.
The typical pore structure of the present aluminum foams is shown in Fig. 1 . It is seen that the small spherical pore openings exist on the pore walls that form the connection tunnels among the pores. The pore opening diameter can be calculated by the method proposed by Chen et al. 15 As shown in Fig. 2 , there are two rigid spherical particles denoted as O 1 and O 2 having an identical radius, R, and contacting at the point O. When liquid metal tries to enter the interstices of the two particles under an infiltration pressure, DP, the pore opening radius (¼OA) is given by the pressure, DP, the spherical particle radius, R, the wetting angle, h, between the liquid metal and the spherical particles and the surface tension, r Al , of the liquid aluminum. 16 Based on this principle, the infiltration pressure, DP, was adjusted from 0.1 to 0.3 MPa to lead to the corresponding pore opening diameter to range from 0.31 to 0.39 mm, while the porosity and pore diameter were kept unchanged, i.e., 65% and 1.3 mm, respectively. The mean pore opening density c was between 49.3=cm 2 and 73.7=cm 2 , as shown in Table I .
B. Sound absorption coefficient measurement
There are mainly two methods to measure the sound absorption coefficient of materials, i.e., the reverberation room method and the impedance tube method, both of which provide the sound absorption coefficient of materials against frequency. The measurement principles of the impedance tube method can be divided into two types: a method using the standing wave ratio and the transfer function method. In this investigation, the latter was used since it is relatively quick and easy, and fully reproducible measurements of sound absorption coefficients require only small samples of the absorbing material, which is useful in basic research and product development. The schematic drawing for the transfer function method is shown in Fig. 3 . In this method, a broadband stationary random sound wave is generated by the loudspeaker of the tube, and the sound absorption coefficient is determined by measuring the sound pressure of a standing wave with two fixed microphones and calculating the complex transfer function using a two-channel digital frequency analyzer.
The transfer function technique is based on the fact that the sound reflection factor at normal incidence, r, can be determined from the measured transfer function, H 12 , between the two microphone positions in front of the material being tested. The complex acoustic transfer function, H 12 , is defined as,
where p 1 and p 2 are the complex sound pressures at the two microphone positions, x 1 and x 2 are the distances of the two microphone positions from the reference plane (x ¼ 0), and k 0 is the wave number defined by k 0 ¼2pf=c 0 , where f is the frequency and c 0 is the speed of sound. The transfer functions for the incident wave, H I , and for the reflected wave, H R , can be calculated by,
Combining Eqs. (3), (4), and (5), the normal incidence reflection factor, r, can be calculated using,
The sound absorption coefficient, a, can be determined in terms of r by,
where r r and r i are the real and imaginary components of r, respectively. The diameter of the impedance tube used in this investigation is 29 mm, the frequency range investigated is from 500 to 6400 Hz, and the samples to be measured were placed against a rigid wall with varied cavity depths in between. Figure 4 gives the changes of the normal sound absorption coefficient against the frequency range from 500 to 6400 Hz for the aluminum foams with varied pore opening densities. It is seen that the sound absorption coefficients increase with increasing frequency until about 3200 Hz, where the sound absorption coefficients reach the peak values, and after that the sound absorption coefficients decrease with a further increase in frequency. As the pore opening density increases, the peak value was elevated and meanwhile shifted toward lower frequencies. Sample C shows the highest sound absorption peak at the lowest frequency because it has the greatest pore opening density among the three samples.
III. RESULTS
The influence of the pore opening diameter, d, on the sound absorption coefficient is shown in Fig. 5 . It is obvious that, as the pore opening diameter increases, the sound absorption coefficient decreases and sample D, with the smallest pore opening diameter (0.31 mm), shows the highest sound absorption coefficient peak among the three samples. This tendency is consistent with those observed in common open or semi-open celled aluminum foams. There have been a number of studies on the effect of the cavity between the specimen and rigid wall on the sound absorption behavior of porous materials.
2, 3, 5, 7 It is generally accepted that the deeper the cavity is, the lower the peak location frequency is, while the height of the sound absorption peak remains the same. However, it is seen from Fig. 6 that the maximum sound absorption coefficient decreases although the peak location is shifted toward lower frequencies with an increase in the cavity depth from 0 to 30 mm. Figure 7 shows the relationship of the sound absorption coefficient with the porosity, pore size, and pore opening size. It is found that even if the samples have varied pore sizes, for example, 1.3, 1.6, and 1.9 mm, they show almost the same sound absorption peak value, especially in the frequency range of 500 to 3000 Hz because they have the same pore opening diameter of 0.3 mm. Figure 8 compares the results obtained from the experimental measurements and theoretical prediction proposed by Lu et al. for the samples with different thicknesses of 10, 15, and 20 mm. 3 They both show a good agreement in the low frequency range and the deviation in the high frequencies is less than 8%. 
IV. DISCUSSION
The sound propagation and attenuation in porous materials have been extensively studied for several decades and the related theories developed for the explanation of sound absorption mechanisms and for the prediction of acoustic behavior are well documented.
2,9,16-21 The matrices in rigidly-framed porous materials such as Al are of low intrinsic damping compared with fibrous polymeric materials. The loss of acoustic energy due to the structural damping is on the order of 10
À3
. Therefore, if only the materials themselves are considered, the sound absorption of aluminum foams depends mainly upon the pore structures including the pore size, the connectivity of the pore opening, the surface topography, etc.
As is seen in Fig. 1 , there are several small spherical pore openings on the wall of each pore, which guarantees the connections and forms a complex network of interlinking air channels among the pores. This pore structure is obviously different from those closed-celled 5, 8 or open-celled aluminum foams with irregular pores 2,6,7 howver, very similar to those used in the study by Lu et al. 3 The small pore openings connecting the large pores allow considerable sound waves to enter the pore structure and to be dissipated via increased friction with the pore surface because of increased air velocity when the air travels from the large pores into the much smaller pore openings. Figure 4 shows the relationship between the surface pore opening density and the sound absorption performance of aluminum foams. As expected, the high sound absorption corresponds to the high surface pore opening density, which is easy to understand because the greater the number of the surface pore openings, the greater the dissipation of the sound energy due to viscous and thermal losses. In addition to the pore opening density, the pore opening size also has a significant influence on the sound absorption performance of aluminum foams, as shown in Fig. 5 . It is seen that the sound absorption coefficient increases as the pore opening size decreases in the range of 0.3 to 0.4 mm, being in good agreement with previously reported results;
2,3,6,15 for instance, Wang et al. 4 suggested that the optimum cell size for the best sound absorption is on the order of around 0.1 mm, and other researchers reported that the foam with a smaller aperture size of 0.034 mm showed a higher sound absorption than that with a larger aperture size of 0.088 mm. 6 Obviously, when the pore opening size is too large, the velocity of air flow will change a little when passing through the pores and thus, the resulting dissipation from the friction will not be high. 7 On the contrary, if the pore opening size is too small, the flow resistance of air will be too high and most of the sound waves will not come into the interior of the materials but will be reflected from the specimen surface, also leading to poor sound absorption. 3, 4, 6 For aluminum foams with similar porosity and pore shape, the air flow resistance is dependent upon the pore opening diameter and sample thickness.
2 It is seen from Fig. 5 that sample D has the smallest pore opening size but the highest sound absorption capacity, which is most probably related to its highest flow resistance.
As previously mentioned, introducing a cavity between the samples and rigid wall will significantly change the sound absorption behavior of porous materials. From the vibroacoustic viewpoint, the sound absorption of porous materials equipped with a cavity is dominated by the resonance of the air mass in both the pores and the back cavity, and the absorption efficiency is limited to the resonance frequency region. This combination is, in principle, equivalent to a Helmholtz resonator that is composed of a cavity with a small neck. For a Helmholtz resonator, there is a definite absorption peak at the resonant frequency of the enclosed air mass in the resonator. The resonant frequency, f r , can be calculated by,
where c 0 is the velocity of sound, S nek is the cross-sectional area of the neck, L is the neck length, and V is the volume of the cavity. In the present study, the combination of each pore opening with the back cavity can be regarded as a Helmholtz resonator in which the opening channel forms the neck. As is seen in Fig. 6 , the resonator peaks shifted to lower frequencies as the cavity depth increased, suggesting that the longer cavities correspond to the lower resonant frequencies. These results are consistent with the prediction of Eq. (8) . Figure 7 shows the sound absorption coefficient against the frequency for the samples with varied pore sizes of 1.3, 1.6, and 1.9 mm, but with the constant porosity and pore opening size, i.e., 65% and 0.3 mm, respectively. The three samples show almost the same absorption behaviors although they have different pore sizes. This phenomenon further demonstrates that the contribution of friction enhanced by the pore openings to the dissipation of the sound wave energy is more significant than those of viscous and thermal losses by the large pores.
2,5 In other words, there is no definite correlation between the pore size and the sound absorption coefficient of aluminum foams with spherical cells.
Recently, Lu et al. 3 proposed a model to describe the sound absorption behavior of aluminum foams with spherical cells. According to the model, the specific acoustic impedance of air inside a cell, Z D , the acoustic specific impedance of the pore opening, Z 0 , the specific acoustic resistance, R 0 , and the reactance of the pore opening between the pores, M 0 , have the following relationships:
and
where q 0 is the density of air, g is the viscosity of air, c 0 is the speed of sound in air, D is the pore size, d is the pore opening size, x is the angular frequency (x ¼ 2pf, where f is the frequency of the sound wave), and t is the thickness of the cell walls
, and X is the porosity), and b ¼ (Xq 0 g) 1=2 d=2. The acoustic impedance of an acoustic system, Z 1 , is given by,
where z 0 ¼ Z 0 ((0.909D) 2 =d 2 ) is the relative specific acoustic impedance of the pore openings. When the number of cells in the direction of the sound propagation, n, is greater than 1, the acoustic impedance of the acoustic system, Z n , is given by,
From Eq. (12), the sound absorption coefficient, a, is given by, Figure 8 gives the measured and calculated sound absorption coefficients for sample C with varied thicknesses of 10, 15, and 20 mm, respectively. Calculations were performed using the following parameters: X ¼ 65%, D ¼ 1.3 mm, and d ¼ 0.32 mm, respectively. It is seen from Fig. 8 that the absorption peak tends to rise and shift toward lower frequencies as the sample thickness increases and the experimental measurements are in good agreement with the theoretical predictions. The effect of the sample thickness on the sound absorption is easy to understand due to the lengthened propagation distance in relatively thick samples that leads to the enhanced interaction of sound wave with the pore walls. However, a slight discrepancy between the experimental data and the predicted results can also be found. This would be due to the assumption that the pore opening has a spherical shape and a single diameter of 0.32 mm, which is, in fact, different from the real situations. Besides, the model assumed that the apertures are circular and the cavities are cylindrical, and considered only the viscous effect without taking into account the thermal losses. These limitations should be responsible for the discrepancies.
V. CONCLUSIONS
Aluminum foams with a porosity of 65%, pores sizes ranging from 1.3 to 1.9 mm, pore opening diameters ranging from 0.3 to 0.4 mm, and pore opening densities ranging from 49.3 to 73.7 cm À2 were fabricated by an infiltration method using spherical soluble particles. The sound absorption behaviors of the resultant samples were investigated in the present study using the transfer function method and the following conclusions are summarized.
(1) The sound absorption coefficient increases upon increasing the pore opening density or decreasing the pore opening diameter. (2) The sound absorption performance of the foams at low frequencies can be significantly improved by introducing an air cavity behind the foams, due to the Helmholtz resonance effect. The location of the sound absorption peak is shifted toward lower frequencies however, the height is slightly decreased as the cavity depth increases. (3) Samples with varied pore sizes but constant pore opening size show almost the same absorption behavior in the frequency range of 500-6400 Hz, suggesting that the pore opening plays a more important role in dissipating the sound wave energy than large pores. (4) The peak of the sound absorption coefficient increases and shifts toward lower frequencies with an increase in the sample thickness. The experimental measurements are in good agreement with those predicted by the theoretical model if the pore opening size is considered. 
